Existing recombinant adeno-associated virus (rAAV) serotypes for delivering in vivo gene therapy treatments for human liver diseases have not yielded combined high-level human hepatocyte transduction and favorable humoral neutralization properties in diverse patient groups. Yet, these combined properties are important for therapeutic efficacy. To bioengineer capsids that exhibit both unique seroreactivity profiles and functionally transduce human hepatocytes at therapeutically relevant levels, we performed multiplexed sequential directed evolution screens using diverse capsid libraries in both primary human hepatocytes in vivo and with pooled human sera from thousands of patients. AAV libraries were subjected to five rounds of in vivo selection in xenografted mice with human livers to isolate an enriched human-hepatotropic library that was then used as input for a sequential on-bead screen against pooled human immunoglobulins. Evolved variants were vectorized and validated against existing hepatotropic serotypes. Two of the evolved AAV serotypes, NP40 and NP59, exhibited dramatically improved functional human hepatocyte transduction in vivo in xenografted mice with human livers, along with favorable human seroreactivity profiles, compared with existing serotypes. These novel capsids represent enhanced vector delivery systems for future human liver gene therapy applications.
INTRODUCTION
Liver gene therapy research has progressed markedly over the last several decades. Although there has been substantial progress in treating patients with recombinant adeno-associated virus (rAAV) vectors expressing a transgene such as human Factor IX in hemophilia B, 1, 2 relatively high doses of vector are required for a therapeutic response. 3, 4 For non-cell-autonomous diseases like hemophilia that have the benefit of secreted elements, these low transduction levels may be sufficient when paired with transfer vectors optimized for high expression. However, such transduction levels will be suboptimal for liver diseases with more demanding cell-autonomous phenotypes. Numerous hurdles remain for improving long-term functional human liver transduction including increasing total functional hepatocyte transduction levels, pre-existing neutralizing antibodies (nAbs) against rAAV capsids, and cellular immune responses to capsid peptides presented on transduced hepatocytes. Current suboptimal transduction likely stems from the fact that, historically, preclinical rAAV selection and validation were performed in animal models that neither recapitulated human hepatocellular tropism nor the kinetics and strength of expression that can be reached. 1, 5 Humoral neutralization of rAAV in the bloodstream arises from patient exposure to parental serotypes in nature. [6] [7] [8] [9] [10] [11] Immune-mediated destruction of transduced hepatocytes is due to CD8 + T cell responses to rAAV capsid components, 12 but this can largely be managed via corticosteroid administration 1 and reduced dosing. Thus, high-level, functional human hepatocyte transduction and evading humoral neutralization remain leading barriers to truly efficacious clinical liver gene therapy today.
Importantly, rAAV vectors can be bioengineered to achieve transduction and neutralization potentials not possible with parental serotypes through directed evolution of diverse capsid libraries. [13] [14] [15] Our technique utilizes replicating AAV throughout the entire selection and evolution process. In contrast to non-replicating screens that only select for receptor binding and uptake, 16, 17 approaches that use replicating AAV select for every step in the intrahepatocellular trafficking and expression cascade, all of which can heavily influence the efficiency of transduction post-entry. 5, [18] [19] [20] Of note, the Ad5 used to replicate the AAV library only replicates in human and not mouse cells. 13 This adds assurance that we are selecting AAVs capable of transducing human hepatocytes in the context of this xenograft model, where the only human cells present are human hepatocytes. Additionally, even single amino acid capsid mutations have been shown to affect functional transduction post-entry and postuncoating. 21 Taken together, all these data support the use of replicating AAV screens whenever possible.
Here, we combined each of these important parameters: utilizing replicating AAV libraries that allow for selection beyond just hepatocyte receptor binding and entry, evolving human hepatocyte tropism in human rather than mouse hepatocytes in vivo, screening for humoral evasion against pools of human immunoglobulins from thousands of patients, and assessing transduction using clinically meaningful methodologies. The result is a panel of novel rAAV variants with higher levels of human hepatic transduction and unique humoral neutralization compared to previously characterized serotypes.
RESULTS

No Existing rAAV Serotype Fulfills All the Necessary Criteria for Ideal Liver Delivery in Humans
None of the current rAAV vector candidates in clinical development satisfies the combinatorial needs of high functional human hepatocyte transduction and low neutralization potential. Although several candidates have demonstrated detectable human hepatocyte transduction in either clinical trials or in xenograft models, none of those variants exhibit favorable neutralization profiles and vice versa (Table 1). Any rAAV that has not been tested in either a human liver trial or in humanized liver mice was excluded from this list, because assessing human hepatocyte transduction solely in cell lines (rAAV-F series 22 ) or non-humanized mice (rAAV1 23, 24 ) often does not correlate with human liver transduction. 1, 5 Diverse AAV Capsid Library Screening in Primary Human Hepatic Xenografts In Vivo
To evolve new capsids with high functional hepatic transduction and immune-evasive properties, we employed a directed evolution approach that bioengineered diverse capsids through DNA shuffling of capsid genes from numerous genetically and functionally diverse parental AAV serotypes. Enzymatic fragmentation followed by assembly of shuffled full-length capsid genes was used to generate a diverse capsid library. Those were then cloned into an AAV shuttle vector and utilized to produce live replicating AAV libraries (Figure 1A) . Our library was produced from 10 different parental capsid serotypes: 1, 2, 3b, 4, 5, 6, 8, 9_hu14, avian, and bovine. To maximize the likelihood that our shuffled capsids could both evade humoral neutralization and functionally transduce human hepatocytes, we performed multiplexed sequential screens using primary human tissues. First, primary human hepatocytes were transplanted into 25 mice using established protocols ( Figure 1B ). 5E10 vector genomes (vg) of the AAV library was administered intravenously (i.v.) into xenografted mice ( Figure 1C ), followed by i.v. injection of wild-type Adenovirus-5 (Ad5). AAV variants that successfully transduced and replicated in human hepatocytes were isolated 2 days post-Ad5 administration, minimally purified and re-titered, and again injected at 5E10 vg/mouse into another round of xenotransplanted mice. This in vivo screening cycle The ability to functionally transduce hepatocytes in vivo in different settings was compared (we define a "functional" transduction event as one that expresses the payload, not vector copy numbers). Column 1 shows estimated functional percent human hepatocyte transduction from clinical trials. All values are estimates because no biopsies assessing functional transduction (protein expression rather than vector copy number) post-treatment have been performed. Of note, although expression levels from AAV8 were therapeutic in some patients (sustained 5%-7% of normal human FIX levels), previous data showing supraphysiological expression per transduced hepatocyte suggest <10% of patient hepatocytes were functionally transduced. Column 2 shows actual percent human hepatocyte functional transduction in vivo measured from treated xenografted liver mice. Column 3 shows actual percent mouse hepatocyte functional transduction in vivo from non-xenografted mice of varying genotypes and strain backgrounds. Column 4 compares estimated levels of pre-existing neutralizing antibodies (nAb) measured from human sera in neutralization assays (caveat: using various methodologies). ND, not determined.
a Predicted (data acquired from a non-peer-reviewed press release prior to the end of the study). For the three transduction columns, low = 0%-10%, medium = 10%-50%, and high = 50%-100% of hepatocytes. For the neutralization column, low = 0%-10%, medium = 10%-50%, and high = 50%-100% of patients whose sera showed neutralization for that AAV capsid.
was carried out for five rounds of selection. Diversity monitoring via Sanger sequencing began at round 3, and each round thereafter, until round 5 when human hepatic transduction had been selected, but some library diversity remained. This enriched human hepatotropic AAV library was then used as input for a series of sequential onbead screens against pooled human immunoglobulins from thousands of patients to select variants with reduced humoral neutralization potential across the general population ( Figure 1D ). After two rounds of binding selection, those variants that remained unbound were subjected to stringent characterization for potential clinical utility.
Identifying Functionally Important Residues via Structural and Comparative Computational Modeling
At the completion of the second sequential screen, capsid sequences amplified from the input library and several selection rounds were deep sequenced using Pacific Biosciences (PacBio) single-molecule sequencing. Round-to-round positional analyses from thousands of capsids identified the selection for key residues ( Figure 2 ). This approach was more revealing than classic phylogenetic trees that root on the nearest full-length parental sequence, effectively masking functionally important residues within full-length capsid relatedness ( Figure S1 ). Interestingly, although rAAV2 is known to be a poor functional transducer of human hepatocytes, several structural fragments from AAV2 were highly selected in the initial screen during the early rounds of screening, most notably residues in the C-terminal end of VP3, where heparin sulfate proteoglycan (HSPG) binding residues reside (R585 and R588). 26 However, many stretches of AAV2 sequence were strongly selected against, including a portion of the unique region of VP1 and the unique region of VP2 (aligned residues 67-146), which instead selected for residues shared by AAVs 1/6/8; a large stretch of VP3 (aligned residues 321-423), which near exclusively selected for AAV3b residues; and several high-frequency de novo mutation hotspots (aligned residues 42, 158, 165, 181, 290, 515, and 555), which contained various amino acids not present in any of the parental serotypes used for library generation. As we transitioned into the second screen to select capsid variants capable of humoral evasion, the immunoglobulin G (IgG)-bound and unbound AAV variants exhibited a high degree of structural mean similarity. Only a few key regions were different between them that are likely necessary in combination to achieve the improved IgG evasion. Here, the global differences were more easily seen with the individual, rather than aggregate, full-length capsid sequences from PacBio single-molecule sequencing ( Figure S1A ).
To further probe the evolved variants, we chose six pools of the most highly selected capsid variants obtained after the final screen (Figure S2A ) and vectorized them as pools with GFP for an additional IgG-binding assessment. The variants of the best-performing pool were then individually vectorized with GFP and Firefly Luciferase Bovine and avian were removed from the plot because few variants showed any appreciable contribution from those two serotypes. The maximum square size indicates that 100% of variants share that amino acid from that parent at that position. All other square sizes are proportional to the percent of variants from 0%-100% that have that amino acid at that position from that parent. Each parent is colored as is shown in the legend (same color scheme is used in Figures 3A and 3B ), and de novo mutations that evolved during the screen are shown in black. VP1, VP2, VP3, and AAP ORFs are diagrammed below for reference.
(FLuc) expression constructs for subsequent validation experiments. Those capable of producing titers sufficient for eventual clinical use (variants NP30, NP40, NP59, and NP84) and excellent packaging ratios were considered further for validation ( Figures S3A and S3B ). To determine the genetic contribution of each parental AAV serotype to the evolved capsids, we performed fragment crossover mapping (Figure 3A) , structural capsid mapping ( Figure 3B ), and predictive fragment conservation analyses ( Figure S2B ). These complementary methodologies demonstrated selection for certain residues and highlighted both unique and shared domains. Shuffling was achieved along the length of Cap, including VP1, VP2, VP3, and AAP. The parental serotypes that contributed the most to the evolved variants included AAVs 2, 3b, 1, and 6 in that order. None of the selected variants had appreciable contributions from unique AAV4, AAV5, AAV8, AAV9_hu14, bovine, or avian sequences. Our use of the AAV2 3 0 UTR ( Figure S4 ) downstream of the shuffled capsid open reading frames (ORFs) may explain why AAV2 had both high initial representation in the library and was selected for in the in vivo screen, because key regulatory elements reside within this sequence. It is also interesting to note the lack of selection for almost any unique AAV8 sequence in variants selected for their ability to transduce human as opposed to mouse hepatocytes. This supports our previous findings 4 and that of others in the field 3 that rAAV8 is a poor functional transducer of human hepatocytes in vivo and is better suited for mouse transduction studies.
Shuffled NP40, NP59, and NP84 capsid sequences (Figures 3A and S5) contained many fragments from parental serotypes with known liver tropism, likely explaining why these variants were selected for in the initial in vivo screen in humanized liver xenografts. Each of these three shuffled capsids would be predicted to have similar comparative structures to one another given their highly similar The maximum circle size indicates a 100% match for that amino acid from that parent at that position. All other circle sizes are proportional to the percent likelihood that that amino acid at that position matches that parent. The solid black line for each chimera represents the most likely parental serotype match identified across each crossover. Thin parallel lines between crossovers indicate multiple parental matches at an equal probability. Vertical spikes indicate a mutation from within the parental sequence space, while an overhead asterisk indicates an evolved de novo mutation for which no parent has that amino acid at that position. VP1, VP2, VP3, and AAP ORFs are diagrammed below for reference. (B) Shuffled variants were 3D false-color-mapped onto the crystal structure of AAV2. Color coding indicates parental contribution using the same colors as in (A).
capsid sequences ( Figures 3A and 3B ). NP40 is the most shuffled of the three, with the unique region of VP1 from AAV1/3b/6/8/9, the unique region of VP2 derived from AAV2, and finally VP3 with contributions from AAV2 and AAV3b, as well as one de novo mutation (K555E). As with the other variant capsids, we saw a conserved contribution from AAV3b at positions 326-426, suggesting that this is the minimal structural region from AAV3b required for enhanced human hepatic transduction. NP59 is similar to NP40 but lacks the diverse VP1 contributions and is instead composed of AAV2 in that sequence stretch. NP59 has the same VP2 and VP3 contributions as NP40 except for one de novo mutation (N622D). NP84 shares the unique regions of VP1 and VP2 with NP59, but has a much larger contribution from AAV3b and less from AAV2 in VP3, as well as two de novo mutations (K555E and R611G). Looking globally at all three variant capsids, structural mapping highlighted the subtle structural heterogeneity in hypervariable regions but also macro-conservation within key structural domains such as the cylinder (from AAV2), canyon (from AAV3b), and various symmetry axes.
Assessing Functional Hepatocyte Transduction in Xenograft Liver Models In Vivo
To rigorously assess the functional human hepatic transduction capabilities of our shuffled capsids in an appropriate in vivo setting, we transduced humanized FRG xenograft mice. To reduce bias and maximize stringency, we produced cohorts of xenografted liver mice in two different laboratories and administered variant (NP40, NP59, and NP84) or control (LK03 and DJ) rAAV capsids expressing GFP. Humanized mice at each of the two locations were administered rAAV at the same dose (2E11 vg/mouse), via the same delivery method (i.v. lateral tail vein injection), and assessed for transduction via GFP immunohistochemistry 14 days post-AAV administration ( Figures 4A and 4B ). Although different promoters were used, both CAG (CMV enhancer, chicken beta-actin promoter, rabbit betaglobin splice acceptor) and LSP1 have been shown to express at similar levels in hepatocytes. 27 To assess the potential impact of repopulation percentage on transduction, we transduced one cohort at high repopulation levels and the other with low repopulation levels. The independent results from two blinded laboratories demonstrated that shuffled variants NP40 and NP59 (and in the high repopulation cohort, also NP84) had significantly increased functional human hepatocyte transduction over control serotypes ( Figure 4C ). Although the trend for increased transduction by variants over controls held regardless of the degree of repopulation, the average transduction level varied depending on the availability of human hepatocytes and limiting rAAV virions ( Figures 4D and 4E) . Transduction was seen across the hepatic lobule, where gradients in metabolic activity and possibly expression and secretion of transgene products exist.
Our new shuffled variants are highly specific for transduction of human hepatocytes. When injected i.v. into non-humanized BALB-CJ mice, the shuffled variants either functionally transduced the liver very poorly or not at all ( Figure S6 ). Another potentially promising capsid rAAV-DJ has low nAb levels 13 but had yet to be assessed for human hepatocyte transduction. To address this, we treated six FRG mice repopulated with primary human hepatocytes with AAV-DJ-CAG-GFP and measured the transduction in both mouse and human hepatocytes. Liver immunohistochemistry for humanspecific fumarylacetoacetate hydrolase (FAH) and viral GFP demonstrated low levels of functional human hepatocyte transduction (<5%) in all treated mice ( Figures S7A and S7B) . The results from GFP RNA fluorescent in situ hybridization (FISH) followed by sequential GFP DNA FISH on treated liver sections suggested that the block to functional human transduction occurred post-uncoating ( Figures S7C-S7E ), as has been seen for other capsid serotypes. 21 In addition to treating liver diseases in vivo with i.v. delivery of rAAV, ex vivo gene delivery or gene correction studies in transplantable human hepatic organoids represents a potential future therapy for some liver diseases. To establish whether our evolved liver variants could also be used ex vivo and whether they also support our in vivo data, we performed a small GFP transduction study in primary human liver organoids. In duplicate organoid transduction assessments ( Figure S8 ), capsids NP40, NP59, LK03, and DJ all showed high functional human liver organoid transduction over rAAV2 and rAAV8 by live imaging of GFP.
Immunological Properties of Evolved Hepatotropic AAV Variants
To predict the likelihood of rAAV neutralization in patients with preexisting and potentially cross-reacting anti-AAV capsid antibodies, we performed both seroreactivity assays and transduction neutralization assays using serum from a variety of patient groups and nonhuman primates. First, individual human serum samples from 50 healthy US adults of each gender (Table S1) were assessed for their seroreactivity to the shuffled capsid variants and control serotypes ( Figure 5A ; Table S2 ). Shuffled variants NP40, NP59, NP84, and DJ had significantly reduced seroreactivity profiles compared to rAAV8 and LK03 (p < 0.001-0.0001) with previously established human neutralization frequencies. 9, 10, 28, 29 Separately assessing seroreactivity by gender (Figure S9 ) demonstrated a statistically significant difference in seroreactivity against the different capsids in men and women; however, sample numbers were low and must be interpreted with caution (Table  S2) . While both men and women showed significantly improved seroreactivity to all shuffled variants over rAAV8, only males had significant improvements compared to LK03 (n = 33). Female patients did not demonstrate significant seroreactivity differences between LK03 and each of the three new variant capsids (NP40, NP59, and NP84), albeit from low patient numbers (n = 17).
To support future pre-clinical testing in nonhuman primates, we also assessed seroreactivity with serum from a small cohort of six rhesus macaques (Table S3 ) against the same panel of AAVs ( Figure 5B ). Given the small cohort size, no statistically significant difference was seen for mean seroreactivity between the tested capsids (Table S4) , with the exception that seroreactivity against AAV-DJ was significantly lower than AAV8 (p < 0.01). In vitro neutralization assays in human 2V6.11 permissive cells using serum from a limited cohort of 21 healthy human donors from the European Union (E.U.) found mean similarity across all serotypes ( Figure 5C ; Table S5 ). Although all shuffled variants had lower mean levels of neutralization than LK03, only rAAV8 reached statistical significance (p < 0.001) in this small cohort (n = 21). One important potential application of these capsids relates to hemophilia B trials. Thus, we also performed seroreactivity assays with serum from 21 adult males with hemophilia B (Table S6 ). Due to sample limitations, we compared the variants to only the leading candidate, LK03. Results showed that compared to LK03, NP59 had more favorable mean seroreactivity in 66% of patients, whereas both NP84 and NP40 were more favorable in 53% of patients, although they did not reach statistical significance in this small cohort ( Figure 5D ; Table S6 ). In vitro neutralization assays in human 2V6.11 permissive cells using pooled human immunoglobulins from thousands of human donors demonstrated that NP40, NP59, and NP84 have neutralization similar to AAV-DJ and AAV8, but unlike AAV-LK03 and AAV3b ( Figure 5E ). Cumulatively, these findings highlight the unique immunological features of variant capsids particularly when it comes to seroprevalence and antibody-mediated neutralization. More globally, patients with high nAb titers against any one serotype did not necessarily correlate with high nAb titers against other serotypes, suggesting that sera from individual patients needs to be assessed against a broad panel of capsid serotypes.
DISCUSSION
Choosing the best rAAV serotype for optimum human hepatic delivery has grown increasingly complex and controversial in recent years stemming from differences in experimental setup, data interpretation, and reproducibility. 3, 4, 30, 31 Given the number of altered variables in experimental design by different groups, this is perhaps not surprising. No two studies have been performed identically; thus, comparisons have and will continue to be confounded. At its simplest, use of different model systems for assessment has created difficulties. It is well-known that rAAV transduction in in vitro culture systems does not correlate with in vivo transduction levels; thus, testing in these lines for the strict purpose of establishing functional in vivo transduction without any other supportive data should be abandoned. Even with in vivo transduction measurements, use of different species with no human xenograft (mice) has been shown not to recapitulate transduction outcomes in humans, 1, 5 and such results should be interpreted with caution. Although no model organism perfectly recapitulates a human liver, current evidence demonstrates that assessing functional transduction in xenograft liver models engrafted with primary human hepatocytes has best recapitulated existing patient data to date. 3, 4 Similarly, quantifying functional transduction by vector copy number (VCN) is inaccurate because it measures all genomes post-entry irrespective of functionality. This is critically important quantitatively because most AAV genomes do not complete the intracellular trafficking and expression cascade 32,33 required for therapeutic relevance; thus, extrapolating functional transduction from VCN measurements is misleading and can lead to gross overestimations.
Replicating AAV screens present both opportunities and challenges. Although they have great potential to select for the most relevant variants capable of all steps in functional transduction, caution must be applied when executing them. First, the human adenoviruses needed to replicate the AAV library require human cells for replication, and not all human cell types support adenoviral uptake and replication. Second, screening in human xenografts in vivo is challenging because mouse hepatocytes remain, and controlling the percent human repopulation is difficult. Third, careful monitoring via sequencing and functional assays is needed to ensure that variants are selecting on the applied selective pressure and not merely for those variants that best replicate in that cell type.
In this study, we demonstrated the potential importance of controlling for and reporting the repopulation levels in humanized mice because the relative ratio of mouse to human hepatocytes was likely critical to overall transduction efficiency levels when rAAV virions were limiting. Further studies directly addressing these phenomena at length are needed. To date, it has been challenging to even attempt to reproduce studies published in the field because of the lack of providing detailed methods and low numbers of treated subjects in animal studies. Moving forward, to facilitate comparisons between future studies, additional variables should also be stringently controlled and reported, including detailed mouse maintenance conditions, strain backgrounds of mice or other animal models, human hepatocyte donor characteristics (age, gender, disease state, location), method of injection, AAV production and purification methods employed, detailed transfer vector descriptions (including promoter, transgene, enhancer, polyA, genome type, etc.), method of titration, final resuspension solution, method of quantifying vector transduction, and any normalizations performed.
High levels of pre-existing nAbs against parental serotypes in patients treated to date have made pre-screening a requirement for all future trials. Prevalence of nAbs varies with patient geography, health status, gender, age, and likely many other variables. 34 Therefore, panels of vetted capsids with varying parentage and different neutralization potentials are needed to enable future liver gene therapy trials with maximum patient enrolment. Among known hepatotropic serotypes, the limited human studies to date have shown highest nAb levels against rAAV2, 9 9, 29 However, the field needs a more robust methodology to assess human neutralization potential because many existing methods are difficult to perform and interpret, particularly for those serotypes that naturally transduce poorly in vitro. Further, few antigenic epitopes have been characterized for parental serotypes or shuffled variants, thus precluding rational design attempts that still maximize capsid library diversity. Vetting future capsid variants in preclinical validations against pools of patient antibodies across many patient demographics represents an unbiased approach to improve the ultimate utility of variants moving into the clinic.
An exciting possibility with our new capsid variants that transduce human liver at such high levels would be to decrease patient doses while still enabling desired expression levels. This could bypass several remaining hurdles to rAAV being an effective vector for future liver gene therapy trials: (1) reduced production costs to offset the staggering treatment costs that can reach $1 million dollars per patient; 37, 38 and (2) reduced probability for capsid-specific T cell responses against transduced hepatocytes. 39 Similarly, high-level functional transduction will be key for the field as we collectively transition from treating simple non-cell-autonomous liver diseases like Crigler-Najjar and the hemophilias to cell-autonomous diseases like ornithine transcarbamylase deficiency and other urea cycle disorders, which will require at least 20%-50% of human hepatocytes to be functionally transduced for clinical efficacy.
MATERIALS AND METHODS
Shuffled AAV Capsid Plasmid Library Generation
The shuffled AAV capsid library was generated as described previously 4 with modifications described below. The AAV capsid genes from serotypes 1, 2, 3b, 4, 5, 6, 8, 9_hu14, avian, and bovine were PCR-amplified with high-fidelity polymerase and cloned using a Zero Blunt TOPO PCR Cloning Kit (catalog [Cat] no. K2800; Invitrogen) followed by Sanger sequencing of individual clones. Capsid genes were excised, mixed at 1:1 ratios, and digested using DNase I at various intervals from 1 to 30 min. These pooled reactions were separated on a 1% (w/v) agarose gel, and fragments <1,000 bp were excised and used in a primer-less PCR reassembly step, followed by a second round of PCR using primers binding outside the capsid gene: forward (Fwd): 5 0 -GTCTGAGTGACTAGCATTCG-3 0 ; reverse (Rev): 5 0 -GCTTACTGAAGCTCACTGAG-3 0 .
Full-length shuffled capsid genes were cloned into a modified pAAV2 host plasmid (inverted terminal repeat [ITR]-Rep2-Cap cloning site-AAV2 3 0 UTR sequence-ITR) with SwaI/NsiI restriction sites flanking the CAP insertion site and a modified portion of the AAV2 VP1 3 0 UTR ( Figure S4 ). Ligations were transformed into numerous independent electro-competent cell aliquots and diluted 1:40 in Luria broth (LB) culture with low ampicillin (50 g/mL) for minimal expansion. An aliquot was plated, and 100 clones were picked and Sanger sequenced to validate library diversity. The pool of library plasmids was purified using an EndoFree Plasmid Mega Kit (Cat. no. 123811; QIAGEN) and used to produce libraries of replication-competent AAV virions.
AAV Library Production, Vector Production, and Titration
AAV library productions were produced using a Ca 3 (PO 4 ) 2 transfection protocol (WT AAV library plasmid pool and pAd5 helper) in HEK293T cells (Cat. no CRL-3216; ATCC) followed by double www.moleculartherapy.org cesium chloride density gradient purification, dialysis as previously described, 40 
Mice
Fah/Rag2/Il2rgc-deficient mice 25 on a C57BL/6J background and FRG mice on an non-obese diabetic (NOD) strain background (FRG/N) were housed and maintained in specific pathogen-free barrier facilities at either Oregon Health & Science University (US), Stanford University (US), or the Children's Medical Research Institute (Australia). FRG/N mice were maintained on irradiated high-fat, low-protein mouse chow (US: Lab Diet Cat. no. Picolab-5LJ5; Australia: Specialty Feeds Cat. no. S415-024) ad libitum to decrease flux through the tyrosine pathway. Beginning on the day of transplantation, FRG/N mice in the US were maintained on 1 week of acidified water to prevent bacterial growth, whereas mice in Australia received acidified water supplemented with 25 mg/mL Baytril antibiotic. The following week, mice in the US were switched to 1 week of 8 mg/L sulfamethoxazole-trimethoprim (SMX-TMP) antibiotic water (supplemented with 0.7 mol/L dextrose for palatability), whereas mice in Australia were switched to 1 mg/L 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) water. Thereafter, at each location, FRG/N mice were cycled on and off 1 mg/L NTBC water as described. 
Hepatocyte Transplantation
Donor human hepatocytes for transduction studies were acquired from either Celsis (Cat. no F00995; Lot no. LTS) from a 17-yearold white female for US studies or from Lonza (Cat. no. CC-2591S, Lot no. 9F3097) from a white male for Australian studies.
Weanling FRG/N mice were pre-conditioned with administration of recombinant human adenovirus expressing urokinase (1.25E9 plaque-forming units (PFUs) by tail vein in Australia and 5E10 PFUs retroorbitally in USA) 24 hr prior to transplant to promote human cell engraftment. 5E5-1E6 human hepatocytes were injected intrasplenically into anesthetized recipient FRG/N mice and cycled on/off NTBC to promote human hepatocyte engraftment and expansion. 25 Broadspectrum antibiotic (ceftiofur 4 mg/kg in US; Baytril 5.6 mg/kg in Australia) was given by intraperitoneal injection immediately prior to surgery and for 2 days following surgery. Several weeks post-transplant, circulating human albumin levels were used to assess percent human engraftment from several microliters of peripheral mouse blood.
Human Albumin ELISA
To assess percent human engraftment in chimeric mice, we used several microliters of peripheral blood to measure human albumin using the Bethyl Quantitative Human Albumin ELISA kit (Cat. no E88-129) per manufacturer's protocol. This same kit was used to detect secreted human albumin levels in the media supernatant during human hepatic organoid differentiation as a marker of successful differentiation.
Replication-Competent AAV Library Selection in Humanized FRG Mice
Female FRG mice with confirmed humanization, and maintained on 1 mg/L NTBC, were transduced with 5E10 vg/mouse of AAV library by i.v. tail vein administration. 5E9 PFUs of wild-type replicationcompetent human Adenovirus-5 (hAd5) (Cat. no. VR-5; ATCC) in 20 mL volume was administered by i.v. retroorbital injection 24 hr later. Transduced humanized livers were harvested 48 hr after hAd5 administration. Livers were minced, subjected to three freezethaw cycles, and further homogenized to ensure complete lysis of remaining hepatocytes. Liver lysates were then subjected to 65 C for 30 min to heat-inactivate the hAd5 and spun at 14,000 revolutions per minute (RPM) at 4 C to separate viral-containing supernatants from cellular debris. Viral supernatants were dot-blot titered after each round to ensure continual administration of 5E10 vg/mouse at each subsequent round of in vivo selection for a total of five rounds.
Sequential Subscreen on Evolved Human Liver Library against Pooled Human Immunoglobulins
PureProteome protein G magnetic beads (Cat. no. LSKMAGG02; Millipore) were pre-loaded with pooled human immunoglobulins (Baxter Gammagard IVIG Liquid; Cat. no. LE1500190, Lot no. LE12J338AB) for 60 min at 4 C per bead manufacturer's instructions for direct immunoprecipitation protocols. The AAV library from round 5 of the in vivo screen was applied to the IgG-loaded beads for 12 hr rotating at 4 C. Bound and unbound fractions were natively eluted per manufacturer's instructions and run over a new set of IgG-loaded beads to enrich for true IgG-bound and unbound AAV populations. Viral genomic DNA (gDNA) was extracted from each fraction using the MinElute Virus Spin Kit (Cat. no. 57704; QIAGEN), followed by PCR amplification using: Fwd: 5 0 -TGGATGACTGCATCTTTGAA-3 0 ; Rev: 5 0 -TGCTT ACCCGGGTTACGAGTCAGGTATCTG-3 0 .
AAV capsid ORFs from round 2 of the subscreen for IgG evasion were cloned using a Zero Blunt TOPO Kit, and 100 clones were sent for full Sanger sequencing to assess diversity with primers: Fwd-1: 5 0 -TGGATGACTGCATCTTTGAA-3 0 ; Fwd-2: 5 0 -ATTGGCATTGC GATTCC-3 0 ; Rev-1: 5 0 -ATGGAAACTAGATAAGAAAGAA-3 0 .
Vectorization and Sequence Contribution Analysis of Evolved AAV Capsids
Contigs were assembled using Geneious R7 v7.1.9 software, and clones selected for vectorization were amplified using: Fwd: 5 0 -AA ATCAGGTATGGCTGCCGATG-3 0 ; Rev: 5 0 -GCTTCCCGGGATG GAAACTAGATAAGAAAG-3 0 . PCR amplicons were cloned inframe, downstream of Rep, into predigested recipient pCap packaging plasmid containing AAV2 Rep without ITRs using SwaI and XmaI restriction sites. AAV capsid genes were sequence verified, and resultant contigs were analyzed using a custom Perl pipeline that assesses multiple sequence alignments using Clustal Omega (EMBL-EBI) to generate the overall serotype composition of the shuffled AAVs by comparison of DNA and amino acid sequences with the parental AAV serotypes based on maximum likelihood. Xover 3.0 DNA/protein shuffling pattern analysis software was used to generate parental fragment crossover maps of shuffled variants. 43 Each parental serotype was color-coded as follows: AAV1: red; AAV2: forest green; AAV3b: marine blue; AAV4: magenta; AAV5: tv blue; AAV6: green cyan; AAV8: orange; AAV9: pale green; avian: purple; bovine: deep salmon.
PacBio Library Preparation and Full-Length Single-Molecule Capsid Sequencing
PacBio SMRT bell libraries were prepared following the "Procedure and Checklist-2 kb Template Preparation and Sequencing" protocol from PacBio using the SMRTbell Template Prep Kit v1.0 (Cat. no. 100-259-100; PacBio). PacBio "Binding and Annealing" calculator was used to determine appropriate concentrations for annealing and binding of SMRTbell libraries. SMRTbell libraries were annealed and bound to P6 DNA polymerase for sequencing using the DNA/Polymerase Binding Kit P6 v2.0 (Cat. no 100-372-700; PacBio). Bound SMRTbell libraries were loaded onto SMRT cells using standard MagBead protocols and the MagBead Buffer Kit v2.0 (Cat. no. 100-642-800; PacBio). The standard MagBead sequencing protocol was followed with the DNA Sequencing Kit 4.0 v2 (Cat. no. 100-612-400, also known as P6/C4 chemistry; PacBio). Sequencing data were collected for 6 hr movie times with "Stage Start" not enabled. Circular consensus sequence (CCS) reads were generated using the PacBio SMRT portal and the RS_ReadsOfInsert.1 protocol, with filtering set at Minimum Full Pass = 3 and Minimum Predicted Accuracy = 95%.
Bioinformatics Assessment of PacBio Sequence Reads
CCS reads with full capsid sequence lengths from 2,300 to 2,350 nt were included in downstream bioinformatics analyses. Indels in CCS reads were corrected using an in-house algorithm that first assesses parental fragment identity using Xover 3.0 DNA/protein shuffling pattern analysis software. 43 Once the parental identity of each crossover fragment was determined, this information was used to determine indels for correction. SNPs that did not result in indels were maintained. The SNP error rate with the PacBio platform is 1.3%-1.7%. 44, 45 SNP frequencies above this rate range were assumed to have arisen from de novo mutations. Corrected sequences in FASTA format were then aligned with MUSCLE. 46 Phylogenetic analyses were conducted using the maximum-likelihood method in RAxML. 47 Percent parental conservation was determined using an in-house algorithm that identifies the percentage of each parent on each aligned position in the shuffled library. The maximum square size indicates that 100% of variants share that amino acid from that parent at that position. All other square sizes are proportional to the percent of variants from 0%-100% that have that amino acid at that position from that parent.
Transduction Mouse Experiments
All mice received normodynamic i.v. lateral tail vein injections of 2E11 vg/mouse ssAAV-CAG-GFP or ssAAV-LSP1-GFP pseudotyped with various capsid serotypes. Treated mice were monitored for 14 days (humanized FRG mice were maintained on 1 mg/L NTBC during this 14-day transduction), and livers were harvested under inhalation isoflurane anesthesia. Liver tissue was cut into several 2 Â 5-mm pieces from several lobes and fixed in 10Â volume of 4% paraformaldehyde (PFA) for 5 hr at 25 C protected from light. Fixed tissue was washed 1Â in PBS and put through a sucrose cryoprotection and rehydration series (10% w/v sucrose for 2 hr at 25 C, 20% w/v sucrose overnight at 4 C, 30% w/v sucrose for 4 hr at 25 C). Liver pieces were rinsed in PBS, blotted dry, mounted in cryomolds (Cat. no. 4557; Tissue-Tek) with optimal cutting temperature (OCT) (Cat. no. 4583; Tissue-Tek), and frozen in a liquid nitrogencooled isopentane bath. Labeled cryomolds were wrapped in aluminum foil and placed at À80 C until sectioning.
Liver Immunohistochemistry
Fluorescent staining of liver sections for human FAH was performed per established protocols 48 with minor modifications. Modifications included fixing slides in ice-cold methanol for 10 min rather than acetone at room temperature; blocking with 10% rather than 5% donkey serum (Cat. no. sc-2044; Santa Cruz) in dPBS for 30 min at room temperature (RT) in a humidified chamber; primary antibody solution was 100 mL of monoclonal rabbit anti-human FAH IgG antibody (Cat. no. HPA-04137; Sigma) at 1:100 (Australia) or 1:500 (US) in 10% donkey serum incubated overnight at 4 C (US) or for 2 hr at RT (Australia); secondary antibody solution was 100 mL of donkey anti-rabbit Alexa Fluor 647 IgG antibody (Cat. no. A31573; Invitrogen) at 1:500 along with Hoechst 33342 (Cat. no. H-3570; Molecular Probes) at 1:1,000 in PBS with tween (PBST) for 1 hr at RT in dark conditions (US), or 100 mL of donkey anti-rabbit Alexa Fluor 594 IgG antibody (Cat. no. A21207; Invitrogen) at 1:500 in PBS for 1 hr at RT in dark conditions followed by DAPI at 80 ng/mL in PBS; and slides were mounted with 3 drops of ProLong www.moleculartherapy.org Gold Antifade (Cat. no. P36934; Invitrogen) (US) or ProLong Diamond Antifade (Cat. no. P36961; Invitrogen) (Australia). Antibody validity controls included secondary-only staining and demonstration on positive control frozen human liver tissue sections (Cat. no. HF-314; Zyagen) and negative control frozen untreated mouse liver sections. Confocal imaging in the USA was performed on a Leica TCS SP8-X WLL inverted confocal microscope with a 20Â oil immersion objective and imaged with Leica AF software v3.3.0.10134, whereas confocal imaging in Australia was performed on an inverted Zeiss Axio with 20Â objective and imaged with Zen Pro software. Z stacks were compressed using ImageJ v2.0.0 and overlaid in Adobe Photoshop CS6 v13.0. Signal co-localization of AAV-GFP signal with mouse or human hepatocytes was done using Volocity v6.3 software and re-validated with counts by eye on a subset of sections.
Hepatic FISH
Sequential RNA and DNA FISH on OCT-embedded frozen liver sections from treated humanized mice was performed as described. 49 To localize RNA FISH signals, we analyzed slides by acquiring multiple 3D images, recording coordinates of all imaged fields, and combining planes from each field using an EDF (extended depth of focus) function into a series of single-focused images for each imaged field. Subsequent DNA FISH was completed as described, 49 and the previously imaged fields were imaged again in the same manner. Comparing the image sets allows one to determine the relative position of RNA and DNA signals. The addition of GFP immunostaining showed the relationship between transcription and translation of AAV transfer vector DNA. Images were taken on a Nikon Eclipse E800 wide-field microscope (60X Plan Apochromat objective with 1.4-NA) with a Photometrics Coolsnap ES camera and Nikon NIS Elements software v4.2.
Functional Validation of Human Hepatic Organoid Cultures
Human liver non-parenchymal cells from a 23-year-old male were cultured as described 50, 51 with minor modifications (gastrin was omitted and ALK5 inhibitor SB431542 was added). To functionally demonstrate hepatic origin of organoids, we tested media from organoid cultures for the presence of human albumin by ELISA (human albumin = 58.3 ng/mL).
Human Hepatic Organoid Transduction with AAV
Initiated hepatic organoid cultures were passaged at a ratio of 1:4 into standard organoid conditions (embedding in >95% Matrigel followed by addition of liquid media) in 24-well suspension plates after 2 weeks of growth. After the fifth organoid passage, ssAAV-CAG-GFP preparations of each serotype were added at MOI 500K to each well. Media were changed after a 3-day incubation and daily thereafter, and the emergence of GFP expression was monitored daily by fluorescence microscopy and bright-field imaging. Maximum expression was reached at approximately day 11, and that is when images were taken.
Indirect Seroreactivity ELISA Assay for Anti-AAV Antibodies in Human Serum
Off-clot serum collected from peripheral blood of 50 healthy US adults (Table S1 ) was used as the primary antibody in an indirect ELISA. Pooled human IgG (Cat no. LE1500190, Lot no. LE12P180AB; Baxter) from thousands of donors was used to prepare a standard curve (sixteen 2-fold dilutions of 100 mg/mL stock i.v. immunoglobulin [IVIG] in blocking buffer). Shuffled and parental AAV capsids served as antigens (5E8 vg/well). Human IgG standards were assessed in replicates of six, and all AAV samples were assessed in triplicate. IgG standards and AAV samples were fixed to wells of a 96-well immunoplate with 50 mL of coating solution (13 mM Na 2 CO 3 , 35 mM NaHCO 3 in water [pH 9.6]); plates were sealed and incubated overnight at 4 C. Plates were washed 2Â with PBST containing 0.05% Tween 20 and blocked with blocking buffer (PBS, 6% BSA, 0.05% Tween 20) for 1 hr at 25 C. Plates were washed 2Â with PBST. Each of the 50 human sera samples was diluted in blocking buffer (1:100-2,000), and 50 mL was added to experimental wells. Plates were incubated for 2 hr at 37 C and then washed 2Â in PBST. Polyclonal sheep anti-human IgG-HRP secondary antibody (Cat. no. NA933V; GE Bioscience) was diluted 1:500 in wash buffer and 100 mL was added to each well to detect bound antibodies in the human sera. Plates were incubated for 2 hr at 37 C and washed 2Â in PBST. OPD substrate (o-phenylenediamine dihydrochloride; Cat. no. P4664; Sigma) was added at 100 mL/well in a 0.1 M sodium citrate buffer, and plates were incubated at 25 C for exactly 10 min. The reaction was stopped with 50 mL/well of 3 M H 2 SO 4 , and the absorbance was determined at 490 nm on a microplate reader (Bio-Rad). A set of blank wells was used to subtract background for non-specific binding of antibodies to the immunoplate. Standards were plotted using fourparameter logistic curve fitting to determine sample concentrations that fall within the linear range of the dilution series and detection limits using Prism v6.0 software. The same assay was performed on a cohort of 21 adult males with hemophilia B (Table S6 ).
Indirect Seroreactivity ELISA Assay for Anti-AAV Antibodies in Normal Rhesus Macaque Serum
The seroreactivity ELISA was performed as previously described 52 with plates coated at 1E9 viral proteins (vp)/well. Off-clot serum was collected from peripheral blood from six rhesus macaques (Table S3) .
Luminescence-Based AAV Neutralization Assays with Individual Human Serum Samples
The neutralization assays were performed as previously described. 53 For individual patients in Figure 5C , off-clot serum was collected from peripheral blood of 21 healthy E.U. individuals (Table S5) , while Figure 5E utilized pooled human immunoglobulins (Octagam IVIG) from thousands of patients. ssAAV-CMV-FLuc vector was used as the transfer vector at an MOI of 200.
False-Colored Structural Capsid Mapping
Chimeric capsids were false-color-mapped onto the AAV2 capsid structure 1LP3 54 using Pymol v1.7.6.0. Mapped colors correspond to parental serotype colors used in the parental fragment crossover maps. Exterior capsid views have all chains represented, whereas cross-sectional views have chains surrounding a cylinder at the 5-fold symmetry axis removed exposing the capsid interior lumen.
Statistics
Statistical analyses were conducted with Prism v7 and Excel v15.36 software. Experimental values for each panel in Figure 5 were log+1 transformed before being assessed via two-way ANOVA using Tukey's multiple comparisons test. The p values <0.05 were considered statistically significant. Additional experimental differences were evaluated using a Student's unpaired two-tailed t test assuming equal variance. 
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